When compressive strain is applied to a single-layered material, the layer generally ripples along the third dimension to release the strain energy. In contrast, such a rippling effect is not favored when it is under tensile strain. Here, using first-principles density-functional calculations, we show that molecular adsorption on boron-doped graphene (BG) can be largely tuned by exploiting the rippling effect of the strained graphene. Under tensile strain, the adsorption energy of K 2 CO 3 , NO 2 , and NH 3 on BG, for which the molecular adsorption is a chemisorption characterized by a covalent B-molecule bond, exhibits a superlinear dependence on the applied strain. In contrast, when microscopic ripples are present in the BG under compressive strain, the adsorption strength is significantly enhanced with increasing the strain. Such a nonlinear and asymmetric effect of strain on the molecular adsorption is a characteristic of two-dimensional systems, because a general elastic theory of molecular adsorption on three-dimensional systems gives a linear and symmetric strain effect on the adsorption strength. We provide the underlying mechanism of the anomalous strain effect on the chemical molecular adsorption on BG, in which the microscopic rippling of the graphene and the creation of the π -dangling bond state near the Dirac point play an important role. Our finding can be used to modify chemical reactivity of graphene with a wide range of application. © 2013 AIP Publishing LLC.
I. INTRODUCTION
Graphene, 1 which is a single atomic layer of carbon atoms densely packed in a honeycomb crystal lattice, is an ideal two-dimensional system for studying its unique electronic, magnetic, and mechanical properties. Much of the research on graphene has been directed toward exploration of its novel electronic properties, [2] [3] [4] [5] which arise from the unique electronic structure of graphene in which charge carriers behave like massless Dirac fermions. The structural properties of graphene also have been of great interest. At finite temperature, a freestanding graphene sheet can have intrinsic, microscopic corrugations, 6, 7 and the rippling can be largely suppressed when the graphene is supported on an atomically flat substrate. 8 Previous scanning tunneling microscopy measurements [9] [10] [11] [12] [13] showed that periodic ripples with a wavelength of λ = 2.4-3.0 nm are created by depositing singlelayer graphene on metal surfaces such as iridium and ruthenium. It was also demonstrated that periodic ripples with controlled wavelength and amplitude can be formed by using thermally generated strains. 14 The microscopic or mesoscopic ripples in graphene are responsible for many interesting phenomena in graphene such as strong suppression of weak localization, 15 limited carrier mobility, 16 and gaugefield effect. 17 The rippling of graphene can be controlled by applying mechanical strain to the sheet. 18 Apart from the intrinsic ripples induced by thermal fluctuations, 6, 7 an ideal graphene a) Author to whom correspondence should be addressed. Electronic mail: joongoo.kang@nrel.gov sheet is atomically flat. Under compressive biaxial strain, the carbon atoms in graphene can relax out of the plane to reduce the strain energy associated with the bond-length change. The deformation in the third dimension induces local curvature in graphene, which tends to increase as the applied strain increases. In contrast, under tensile biaxial strain, the graphene sheet remains flat (thus no curvature exists) because there is no other relaxation mode to keep the C-C bond length less affected. Therefore, the graphene sheet displays an intrinsic asymmetry in the strain-induced local curvature with respect to the sign of strain. In this paper, using first-principles density-functional calculations, we show that the strain-induced microscopic rippling of graphene leads to anomalous, nonlinear strain effects on the molecular adsorption energy on graphene, provided that the molecular adsorption is a chemisorption in nature that involves the bond breaking of the π -like bonds at the binding site. Most molecules are physisorbed on pristine graphene 19, 20 due to the chemically inactive sp 2 -bonds in graphene. Thus, for enhanced molecular adsorption beyond physisorption, impurities should be introduced into graphene. In this work, we considered boron-doped graphene, because boron is one electron less than carbon and so the bond is no longer fully saturated. [21] [22] [23] B-doped single-or fewlayer graphenes (BGs) with a controllable B content have been made by several different methods and strategies. [24] [25] [26] [27] [28] [29] [30] [31] For adsorbate, NO 2 , NH 3 , and carbonate salt (e.g., K 2 CO 3 ) molecules were chosen due to the suitable positions of their highest occupied molecular orbitals (HOMO) for forming a covalent bond with the B site in BG. The adsorption en-ergy (E ads ) of these molecules on BG follows the qualitatively same dependence on the applied strain, which is highly nonlinear and asymmetric with respect to the sign of strain. For the stretched BG under tensile strain, the E ads follows a superlinear dependence on the strain. Under compressive strain, however, the adsorption strength is significantly enhanced, i.e., the strain effect on E ads significantly deviates from the superlinear dependence of strain. Such a nonlinear and asymmetric strain dependence of E ads is unusual, because the strain effect on E ads for physisorption is usually linear and symmetric according to the elastic theory of molecular adsorption. The anomalous strain effect on E ads was also found for the adsorption of F atom on pure graphene, indicating that it is an intrinsic property of graphene derived from its twodimensionality and the covalent nature of the adsorption. We found that the superlinear dependence of E ads on tensile strain is due to the relatively large reduction of the elastic constant of the host graphene by the chemisorption of an adsorbate. The asymmetric strain effect on E ads arises from the asymmetric strain dependence of the rippling of graphene. The relationship between the local curvature in the microscopic ripples and the adsorption strength will be discussed in details.
II. CALCULATION METHODS
We performed first-principles spin-polarized density functional calculations of molecular adsorption on a single-layer BG under different biaxial strains. Previous experiments [24] [25] [26] [27] [28] [29] have shown that the B atoms in BG exist mainly in the form of "graphitic" boron (BC 3 ) bonding with three carbon neighbors. So, a boron atom in our model is substitutionally doped into the BG. Total energies were calculated within the generalized gradient approximation (GGA-PBE 32 ) to the density functional theory (DFT), as implemented in the VASP package. 33 Our DFT calculations employed the projector augmented wave method 34, 35 with an energy cutoff of 400 eV for the plane wave part of the wave function. A (10 × 10) graphene supercell with vacuum separation of 15 Å and a (3 × 3 × 1) k-point sampling were used in calculations. All atomic forces were minimized to <0.01 eV/Å for a given in-plane strain. The E ads of a molecule (MO) on BG is defined as
where E(BG), E(MO), and E(B*G-MO) are the total energies of BG, MO, and the adsorption state B*G-MO, respectively. It is well known that PBE cannot accurately describe dispersion interactions. To verify that the strain effect on E ads does not qualitatively change for the calculations including van der Waals (vdW) interactions, we also performed the non-local vdW density functional (vdW-DF) calculations 36 for K 2 CO 3 molecules using optPBE for the exchange functional 37, 38 (see Fig. 1 ). Throughout the paper, the results were obtained by using PBE except if otherwise indicated.
III. RESULTS

A. Physisorption versus chemisorption of K 2 CO 3 on graphene
We first compare the molecular adsorptions of K 2 CO 3 on unstrained pure graphene and BG. show the atomic structures of the physisorbed K 2 CO 3 on pure graphene and the chemisorbed K 2 CO 3 on BG, respectively. We note that the adsorption of K 2 CO 3 on BG pulls out the B atom substantially [ Fig. 1(b) ], which otherwise lies almost flat in the graphene sheet due to its comparable atomic size with that of carbon. In the protruded geometry (B*G), the B 2p orbital becomes more localized toward the protruded side through sp 3 B-C bonds between the B 2p and the neighboring C 2p orbitals in BG and this also costs energy (see Sec. IV).
B. Anomalous strain effects on the molecular adsorption on BG
Next, we calculated the E ads of K 2 CO 3 on strained pure graphene and BG with the strain parameter α = (a -a G )/a G , with a and a G being the cell parameters of the strained and unstrained (10 × 10) graphene supercells, respectively. Our DFT results reveal the following strain effects on E ads that are totally different depending on the adsorption nature of K 2 CO 3 [ Fig. 1(c) ]:
(i) The strain effect on the E ads of K 2 CO 3 on pure graphene is almost linear under tensile strain (α > 0) for both PBE and vdW-DF calculations, as expected from a simple phenomenological elastic theory 39 of molecular adsorption as follows. When the strain parameter α is small (α 1), the total energies E(G) and E(G-MO) for a given lattice parameter a are given by
3 ) for elastic coefficients β G and β G-MO . Here, a G and a G-MO are equilibrium lattice parameters of pure graphene G and G-MO, respectively. Then, the adsorption energy for a
Because the moduli β G and β G-MO are similar for the physisorption of K 2 CO 3 , the first-order term of α largely determine the strain effect on E ads (α), leading to the near-linear strain dependence of the adsorption strength. The positive slope in the linear strain effect indicates a small lattice expansion after the molecular adsorption (i.e., a G-MO > a G ). For PBE results [open circles in Fig. 1(c) ], we found the nearly symmetric strain effect with respect to the sign of α, indicating that the strain-induced rippling of pure graphene under compressive strain does not affect much the E ads of K 2 CO 3 . For vdW-DF results (open squares), however, the adsorption strengths for α < 0 are noticeably reduced as compared to the predicted values extrapolated from the linear dependence for α > 0. The reduced E ads under compressive strain results from the reduced vdW contact area between K 2 CO 3 and the graphene due to the strain-induced rippling.
(ii) The effect of strain on the E ads of K 2 CO 3 on BG is, however, highly nonlinear and asymmetric with respect to the sign of the strain parameter α [filled circles or filled squares in Fig. 1(c) ]. The same strain dependence of E ads was obtained for both PBE and vdW-DF calculations. According to the simple elastic theory that we explained above, the adsorption energy is given by
Under tensile strain, the E ads in Fig. 1(c) 
, which is the ratio of the relative changes in the elastic coefficient β and the lattice parameter a after the molecular adsorption. For large γ of the order of 100, the second-order term of α becomes as comparable as the first-order term in the above equation and strain range, leading to the superlinear strain dependence of E ads . Indeed, we found that the calculated γ for K 2 CO 3 is 200. The relative change of the elastic coefficient is calculated to be −1.7%, while the relative change of the lattice parameter is only −0.008% in our (10 × 10) supercell calculations. On the other hand, under compressive strain with α < 0, the adsorption strength of K 2 CO 3 is significantly enhanced, i.e., the strain effect on E ads significantly deviates from the superlinear dependence on strain. Therefore, the strain-induced rippling effect should be taken into account for the case of compressive strain.
We found that the anomalous strain effect on the E ads of K 2 CO 3 exists regardless of the charge carrier density in BG (Fig. 3) . A different carrier density leads to an overall shift of the adsorption energy curve. Furthermore, if a molecule covalently binds to the sp 3 -hybridized adsorption site, the nonlinear, asymmetric effect of strain is general, as demonstrated for other molecules such as NO 2 and NH 3 [ Fig. 4(a) ]. The adsorption geometries of NO 2 and NH 3 on BG are shown in Fig. 5 . Our DFT calculations showed that NO 2 adsorbs on the B site through the covalent B-N bond (d B-N = 1.75 Å). This adsorption configuration is different from a previous adsorption model 22 in which one of the oxygen atoms of NO 2 bonds to the B site. We found that the adsorption shown here is 0.1 eV more stable than the previously proposed model. Similar to the case of NO 2 , NH 3 bonds to the B site, forming a B-N bond with d B-N = 1.84 Å. For NH 3 , however, the chemisorption is a metastable state with a negative E ads , unless large compressive strain is applied to the BG [ Fig. 4(a) ].
FIG. 3.
Comparison of the adsorption energies (E ads ) of K 2 CO 3 on strained BG for different hole densities. For the BG supercell containing a single B dopant, the hole density is σ hole = 1 hole/cell. To change σ hole in BG, we added a Li atom to the graphene sheet as an interstitial, which is well separated from the B site. In this case, the hole induced by the B atom in BG:Li is compensated by the electron donated by the Li atom, i.e., σ hole = 0 hole/cell for BG:Li. The adsorption energy curve for the case of 0 hole/cell is obtained using the formula, E ads = E(BG: 
IV. DISCUSSION
Our analysis of the adsorption energy curves for strained BG raises the following important questions in understanding the strain effects on the molecular adsorption on graphene: (1) how does the strain-induced rippling of graphene significantly enhance E ads under compressive strain? (2) 
A. Effect of the local curvature in graphene on molecular adsorption
The rippling of graphene under compressive strain generates positive local curvature. In the presence of positive local curvature at the adsorption site, the strain energy associated with the sp 3 -like adsorption geometry in B*G-MO becomes reduced. Then, the large deviation of E ads from the superlinear strain dependence for α < 0 in Fig. 4(a) can be attributed to the reduced strain energy of B*G-MO due to the positive local curvature. The local curvature effect also exists for pure graphene under compressive strain. So, the nonlinear, asymmetric strain effect demonstrated for B*G-MO can also be found for pure graphene, if the adsorption is a chemisorption in nature. For example, for the adsorption of F atom on pure graphene, the anomalous strain effect on E ads was found as contrary to the linear strain effect for the physisorption of K 2 CO 3 [ Fig. 4(b) ]. The E ads shown in Fig. 4 To verify the curvature effect on E ads , we analyzed the local curvature in pure graphene as a function of the strain parameter α [Fig. 4(d) ]. Here, we first focus on the case where the adsorption site is at the top of a ripple. The sitedependence of the adsorption strength will be discussed in a moment. Then, the Gaussian curvature (K) at the adsorption site is positive and given by K = 1/R 2 , where R is the radius of curvature. Assuming that the carbon at the top and its three carbon neighbors lie on the sphere of radius R, we can relate the sum of the bond angles ( ) around the central atom and the R as, R = , where d is the C-C distance.
(b) is defined as E ads = E(G) + E(F 2 )/2 -E(G-F), where E(F
Note that for a flat surface, is 360
• and thus R diverges. For curved surface, the deviation from the angle 360
• , i.e., θ = 360
• − , is positive, and it is proportional to the curva-
K. In Fig. 4(d) , both the R and θ are plotted for pure graphene as a function of α. For α > 0, the graphene is flat and the R is infinite. The radius R decreases rapidly from infinity to R = 2.35 nm as α decreases from 0 to −1%. For α < −1%, however, the R approaches to a minimum value of R min ≈ 2 nm. Actually, the R min (or K max ) in graphene depends on the lateral wavelength (λ) of the ripple. Here, we chose λ ≈ 2.5 nm, which is determined by the supercell size of a (10 × 10) graphene in our DFT calculations. We found that R cannot decrease well below λ. Thus, the θ becomes saturated for large compressive strain [ Fig. 4(d) ]. For BG, the θ shows the same strain dependence, although its absolute value is enhanced due to the additional atomic relaxation at around the B site [ Fig. 4(c) ]. The θ (or equivalently K) clearly correlates with the E ads , as shown in Figs. 4(e) and 4(f). This definitely proves the local curvature effect on the enhancement of E ads for α < 0. The identified relation between the λ and K max and E ads in this work suggests that one needs to control the wavelength λ of microscopic ripples to be as small as possible in order to largely tune the E ads by strain. Previous work 6, 7 showed that the λ of intrinsic ripples in a suspended graphene is about 5-10 nm, which is substantially larger than the wavelength of ripples in our supercell calculations. However, it was experimentally shown that periodic ripples with a wavelength of λ = 2.4-3.0 nm can be formed by depositing single-layer graphene on metal surfaces such as Ir(111) and Ru(0001).
9-13 Figure 6 shows how the E ads of F atom on pure graphene depends on the various adsorption sites in the ripples at the strain parameter α = −1%. We selected 14 C atoms [colored in red in Fig. 6(a) ] for the adsorption sites, which include the C atoms at the top and bottom of the microscopic ripples. The F atom is assumed to sit on the upper side of the graphene sheet. We found that the calculated E ads correlates well with the height (z C ) of the C adsorption site of the strained pure graphene [ Fig. 6(b) ]. The maximum E ads is obtained for the top C site, while the adsorption strength is significantly weaker for the bottom C site. At around z C = 0, the E ads is almost the same as the E ads for unstrained graphene.
B. Role of the "zero-energy" dangling-bond state in the molecular chemisorption on graphene
We discuss the microscopic mechanism of the anomalous strain effects on E ads . First, we found that the applied strain in B*G-MO does not create any new electronic state nor leads to any changes in electron occupations of electronic states, as shown for K 2 CO 3 and NO 2 in Fig. 7 . So, we can exclude the possibility that the anomalous strain effect originates from a qualitative change (e.g., electronic level crossing at a critical strain) in the electronic structure of B*G-MO by strain. Second, we found that the strong covalent B-molecule bond breaks the π -like B-C bonds between the B 2p and the neighboring C 2p orbitals in BG (Fig. 8) . Consequently, the lowenergy π electron in B*G-MO behaves as if there is a vacancy at the B site, which generates a "vacancy-induced" localized state in graphene. 45, 46 Due to the approximate electron-hole symmetry in BG, the localized π -like dangling-bond (DB) state appears as a relatively flat state at near-zero energy [Figs. 7 and 8(a)]. Figure 8(b) shows a dramatic change in the localized electron wavefunctions around the B site before and after molecular adsorption. Note that there is no electric charge on the B site in the DB state due to the bond breaking effect. We found that the anomalous strain effect exists regardless of the electron occupation of the π dangling-bond state. The π -bond breaking softens the B*G-MO and thus leads to smaller β B * G-MO than β BG . The noticeable change in β after the molecular adsorption explains the unusually large γ in the elastic theory of molecular adsorption, which is responsible for the quadratic part of the superlinear strain effect on E ads under tensile strain.
In addition to the lattice softening effect, the formation of the zero-energy DB state lowers the electronic energy of the adsorption state by accepting electrons from the highenergy antibonding state of B-molecule [ Fig. 8(a) ]. This electronic energy gain (E elec ), which is larger than the energy cost (E strain ) associated with the strains in the σ -like B-C bonds at the protruded B* site, stabilizes the adsorption of molecules on the B site. The adsorption-induced breaking of the π -like B-C bonds also costs the bond-breaking energy E bb . Hence, the adsorption strength is determined by the competition among these energy components as, E ads = E elec -E strain -E bb . Both E strain and E bb are reduced in the presence of the positive local curvature K around the adsorption site, leading to the significant enhancement of E ads under compressive strain.
V. SUMMARY AND CONCLUSIONS
Using first-principles DFT calculations, we reveal the qualitatively different effects of strain on the molecular adsorption energy on pure or modified graphene, depending on the nature of the molecular adsorption. For physisorption (e.g., K 2 CO 3 on pure graphene), the adsorption strength follows a linear dependence on the strain, which is "normal" according to the standard elastic theory of molecular adsorption. In contrast, for chemisorption (e.g., K 2 CO 3 on BG), the strain dependence of E ads is highly nonlinear and asymmetric with respect to the sign of strain; (i) under tensile strain, the E ads exhibits a superlinear dependence on the strain due to the relatively large reduction of the elastic constant of the host graphene by the chemisorption of an adsorbate. The softening of the graphene is caused by the bond breaking of the π -like bonds at the adsorption site. (ii) Compressive biaxial strain generally leads to the rippling in graphene. The straininduced local curvature around the adsorption site substantially reduces the strain energy associated with the sp 3 -like chemisorption geometry of the adsorption site. As a result, the adsorption strength is significantly enhanced by compressive strain, when the lateral dimension λ of the microscopic ripples is sufficiently small (λ < 5 nm). Thus, our finding suggests that the combined approach of impurity doping and strain engineering of graphene provides a feasible way to modify the chemical activity of graphene.
